Nitrate assimilation by cyanobacteria is inhibited by the presence of ammonium in the growth medium. Both nitrate uptake and transcription of the nitrate assimilatory genes are regulated. The major intracellular signal for the regulation is, however, not ammonium or glutamine, but 2-oxoglutarate (2-OG), whose concentration changes according to the change in cellular C/N balance. When nitrogen is limiting growth, accumulation of 2-OG activates the transcription factor NtcA to induce transcription of the nitrate assimilation genes. Ammonium inhibits transcription by quickly depleting the 2-OG pool through its metabolism via the glutamine synthetase/glutamate synthase cycle. The P II protein inhibits the ABC-type nitrate transporter, and also nitrate reductase in some strains, by an unknown mechanism(s) when the cellular 2-OG level is low. Upon nitrogen limitation, 2-OG binds to P II to prevent the protein from inhibiting nitrate assimilation. A pathway-specific transcriptional regulator NtcB activates the nitrate assimilation genes in response to nitrite, either added to the medium or generated intracellularly by nitrate reduction. It plays an important role in selective activation of the nitrate assimilation pathway during growth under a limited supply of nitrate. P II was recently shown to regulate the activity of NtcA negatively by binding to PipX, a small coactivator protein of NtcA. On the basis of accumulating genome information from a variety of cyanobacteria and the molecular genetic data obtained from the representative strains, common features and group-or species-specific characteristics of the response of cyanobacteria to nitrogen is summarized and discussed in terms of ecophysiological significance.
Introduction
For the assimilation of nitrate, an organism needs to have an active transporter for nitrate (NRT), nitrate reductase (NR) and nitrite reductase (NiR). NRT is essential for the transport of the substrate into the cell, and NR and NiR are required for the subsequent two-step reduction of nitrate into ammonium. In the organisms capable of nitrate assimilation, the presence of nitrate generally exerts positive effects on the expression of the genes encoding NRT, NR, and NiR (Siverio, 2002; Fernandez and Galvan, 2008; Krouk et al., 2010) . Reduced nitrogen sources such as ammonium and glutamine, on the other hand, have negative effects on the nitrate assimilatory genes. Both cyanobacteria and plants respond to these nitrogen signals, but the mechanism of signal perception and transduction in cyanobacteria are quite different from those in higher plants. Firstly, the signal for the ammonium-promoted negative regulation is the depletion of cellular 2-oxoglutarate (2-OG) in cyanobacteria. Conversely, nitrogen limitation results in the accumulation of 2-OG, which leads to the activation of nitrate assimilatory genes and proteins . In cyanobacteria, the positive effect of nitrate is mediated by nitrite, which activates a limited number of genes directly related to nitrate assimilation (Kikuchi et al., 1996; Aichi and Omata, 1997; Aichi et al., 2001) . This contrasts with the activation by both nitrate and nitrite of a large number of genes in higher plants (Wang et al., 2000b (Wang et al., , 2003 . Another notable difference between cyanobacteria and higher plants is found in the balance between the positive and negative effects of the nitrogenous compounds: positive effects of nitrate may be observed in the presence of ammonium in higher plants (Krouk et al., 2010) , whereas the effect of ammonium overrides that of nitrate/nitrite in most cyanobacteria. The tight regulation by ammonium seems to be related to the higher nitrogen content in cyanobacteria. During steady-state growth under nitrogen-sufficient conditions, the rate of nitrogen assimilation in cyanobacteria is about 20% of CO 2 assimilation, which means that over 30% of the reducing equivalent generated by water oxidation is used for nitrate assimilation (Flores et al., 1983) . Since the proportion of the reducing power to be used for nitrogen assimilation can be reduced to ;10% of the total by assimilating ammonium, it is reasonable for cyanobacteria to show a strong preference for ammonium over nitrate.
Although they have basically the same metabolic pathways for nitrate assimilation, cyanobacteria and plants have different types of transporters and enzymes for nitrate assimilation. Two distinct types of NRT are found among cyanobacteria, the ABC-type NRT comprised of the four proteins NrtA, NrtB, NrtC, and NrtD and the MFS family transporter encoded by the nrtP gene (Sakamoto et al., 1999; Wang et al., 2000a; Aichi et al., 2006) . The former is a prokaryotic ABC importer, whereas the latter resembles the NRT2 nitrate transporter of eukaryotic phototrophs (Forde, 2000) . The ABC-NRT is a bispecific nitrate and nitrite transporter showing high affinity for the two substrates, with the apparent K m value being ;1 lM (Maeda and Omata, 1997) . NrtP is also bispecific for nitrate and nitrite, but its affinity for nitrate is much higher than that for nitrite (Aichi et al., 2006) . While cyanobacterial NiR (the nirA gene product) is similar to that in the chloroplast of eukaryotic phototrophs, NR of cyanobacteria (the narB gene product) is not related to the NR enzyme of eukaryotic organisms. It is a ferredoxin-dependent enzyme carrying a [4Fe-4S] centre and a Mo-bis-molybdopterin guanidine dinucleotide (MobisMGD) cluster, which is similar to NAD(P)H-dependent assimilatory NR (NasA) and periplasmic dissimilatory NR (NapA) of bacteria (Gonzalez et al., 2006) . The sensors and regulators in cyanobacteria are also different from those in higher plants. The two transcription factors involved in regulation of nitrate assimilation, NtcA and NtcB, act not only as transcription activators but as the sensors of 2-OG and nitrite, respectively (Aichi and Omata, 1997; Aichi et al., 2001; Tanigawa et al., 2002; Vazquez-Bermudez et al., 2002) . The other major 2-OG sensor in cyanobacteria is the P II protein, which is structurally similar to its counterpart in higher plants, but is functionally distinct from the latter in having a central role in post-translational regulation of nitrate assimilation (Lee et al., 1998; Kobayashi et al., 2005; . Unlike higher plants, cyanobacteria usually do not have a gene family. With much smaller numbers of transporters, enzymes, and regulators, the cyanobacterial nitrate assimilation pathway and its regulation appear to be much simpler than those in higher plants. However, interactions between the regulatory proteins and pathways make up a complex network and sometimes give rise to different phenotypes in different species or strains, some of which may be of physiological significance but others may not. This review attempts to summarize current understanding of the molecular mechanisms involved in the regulation of the cyanobacterial nitrate assimilation, with special emphasis on their ecophysiological relevance.
Distribution of the genes associated with nitrate assimilation among cyanobacteria Table 1 shows the distribution of the genes associated with nitrate assimilation and its regulation among the culturable cyanobacterial strains whose genomes have been completely sequenced. The nearly complete genome of Spirulina (Arthrospira platensis) (Fujisawa et al., 2010) is also included. Cyanobacteria are classified into a-and b-cyanobacteria in the table according to Badger et al. (2002) . The two groups of cyanobacteria are distinct in having Form 1A and Form 1B Rubisco (Delwiche, 1999; Tabita, 1999 ) and a-carboxysomes and b-carboxysomes (Badger et al., 2002) , respectively. The group of a-cyanobacteria consists only of marine picoplanktonic Synechococcus and Prochlorococcus strains, whereas b-cyanobacteria includes taxonomically diverse strains and are further classified into the groups of fresh-water strains and marine strains (Table 1) . Including filamentous strains and diazotrophic strains, the marine b-cyanobacteria are more diverse than a-cyanobacteria. While b-cyanobacteria are generally capable of nitrate assimilation, a large portion of a-cyanobacteria lacks the ability to assimilate nitrate as summarized by Scanlan et al. (2009) : All of the Prochlorococcus strains thus far sequenced lack NRT and NR, although some of the strains that have adapted to low-light niches retain NiR and FocA (a putative nitrite transporter) and can utilize nitrite as a sole source of nitrogen.
Among the cyanobacterial groups having the capacity of nitrate assimilation, the two types of NRT, i.e. ABC-type NRT and NrtP are differentially distributed. Almost all the fresh-water strains of b-cyanobacteria have the ABC-type NRT (Omata, 1995) . On the other hand, marine strains capable of nitrate assimilation, including both a-and b-cyanobacteria, generally have NrtP as the sole species of NRT. One of the exceptions to this generalization is the fresh-water strain Nostoc punctiforme ATCC29133, having NrtP as the sole species of NRT. Another known exception is the euryhaline a-cyanobacterium Synechococcus sp. WH5701, which is not included in Table 1 but reported to have the ABC-type NRT as the sole NRT species (Scanlan et al., 2009) . The pattern of NRT distribution seems to have been determined by environmental conditions rather than taxonomic positions. The terrestrial water system is relatively eutrophic, but cyanobacterial cells may be shaded from sunlight by various objects. Under such conditions, it Table 1 . Distribution of the genes related to nitrate assimilation and its regulation among the cyanobacterial strains with completely sequenced genomes The non-culturable strains specialized for symbiotic N 2 fixation, i.e. Nostoc azollae 0708 (Ran et al., 2010) and Cyanobacterium UCYN-A 713887 (Tripp et al., 2010) , are not included. Circles indicate the presence of the gene in a single copy, whereas dashes indicate the absence of the gene. The presence of two copies of a gene is indicated by diamonds. 
would be important for the cell to have mechanisms to save energy. Since ABC-NRT is inhibited in the presence of ammonium in the external medium (Kobayashi et al., 1997 (Kobayashi et al., , 2005 , it would certainly help cells to reduce the energy cost of nitrogen assimilation. For its function, however, ABC-NRT requires an abundance of the substrate-binding protein anchored to the plasma membrane. Indeed, the protein (NrtA) is by far the most abundant plasma membrane protein in the cells assimilating nitrate (Omata et al., 1989) . In other word, cells need to invest large amounts of protein for this type of transporter. This may explain why the oceanic strains in oligotrophic environments generally have the NrtP nitrate permease. Until recently, N. punctiforme was the only known example of fresh-water cyanobacaterium carrying NrtP, but genome sequencing has now revealed the presence of NrtP in four more fresh-water strains, i.e. Arthrospira polantensis NIES-39 and Cyanothece sp. strains PCC7424, PCC8801, and PCC8802. It is intriguing that these strains have both NrtP and ABC-NRT (Table 1) . Coexistence of the two types of NRTs may enhance the cellular capacity for adaptation to changing environmental conditions. It should be pointed out that NrtP transports nitrite as well as nitrate, but its affinity for nitrite is much lower than that for nitrate (Aichi et al., 2006) . As a consequence, cells expressing NrtP as the sole species of nitrate/nitrite transporter is practically unable to take up nitrite in the presence of nitrate in the medium (Aichi et al., 2006) . The coexistence of FocA, a putative nitrite-specific transporter, with NrtP in the oceanic Synechococcus strains would be of great physiological importance if the cells are to assimilate nitrite in the presence of nitrate.
The narM, cnaT, and nirB genes are often found in the proximity of the NRT-, NR-and NiR-encoding genes. They are related to nitrate assimilation, but their biochemical functions have remained elusive. These genes show different patterns of distribution among different classes of cyanobacteria (Table 1 ). The narM gene is found in the strains capable of nitrate assimilation. The cnaT gene is found in all the strains capable of nitrite assimilation and also in two of the Prochlorococcus strains that are incapable of the assimilation of nitrate and nitrite. nirB is present in most of the b-cyanobacterial species, but not in any of the a-cyanobacteria.
The narM gene was shown to be essential for expression of NR activity in S. elongatus PCC7942 . It encodes a protein of 161 amino acids with no known biochemical function. It is not required for the expression of narB or the genes involved in biosynthesis of Mo-bisMGD, the cofactor of prokaryotic NR. NarM is clearly not a structural component of NR, nor is it an enzyme required for Mo-bisMGD biosynthesis. The tight correlation between the presence of narM and narB (Table 1 ) and the close proximity of the two genes in 14 out of the 26 genomes suggest that narM is related specifically to NR. Homologues of narM are found in only 40 bacterial strains outside of cyanobacteria. Of the 40 homologues, the one from Dyadobacter fermentas is the most similar to cyanobacterial narM and located in the nitrate assimilation gene cluster carrying a gene for a NasA-type NAD(P)Hdependent assimilatory NR. A similar narM homologue of Thiomonas intermedia is located in the proximity of the narGHJI gene cluster for respiratory NR. The bacterial species of the genus Burkholderia commonly have a narM homologue located upstream of a homologue of fdhD, a gene presumably involved in the expression of functional formate dehydrogenase. Since the bacterial NRs and formate dehydrogenase commonly contain a Mo-bisMGD cluster and a [4Fe-4S] centre (Gonzalez et al., 2006) , narM is probably involved in the assembly of these cofactors with the apoprotein to yield functional NR.
The cnaT gene encodes a putative glycosyl transferase. It was shown to be essential for the expression of the nitrate assimilation genes in Anabaena sp. PCC7120 and inferred to have a regulatory role (Frias et al., 2003) . Although cnaT mutants of S. elongatus PCC7942 do not show any phenotype related to nirA operon expression , strong conservation of this gene in all the cyanobacterial strains having the capacity of nitrite assimilation (Table 1) seems to support its specific role in nitrate/ nitrite assimilation. The cnaT-deficient mutant of Anabaena sp. PCC7120 is reported to show a high frequency of reversion to the wild-type phenotype through unidentified extragenic suppressor mutation(s) (Frias et al., 2003) . This raises the possibility that S. elongatus PCC7942 might have acquired such a mutation, rendering the expression of the nirA operon independent of cnaT. On the basis of the high frequency of pseudo-reversion, Frias et al. (2003) inferred the presence of a negative factor acting downstream of cnaT in the regulation of the nirA operon.
The nirB gene was identified as a gene required for maximal expression of NiR activity in S. elongatus PCC7942 (Suzuki et al., 1995a) . It encodes a protein having two HEAT motifs and is located upstream of, and transcribed divergently from, nirA in an NtcA-dependent manner. The gene is not essential for growth on nitrate, but its inactivation results in >50% reduction in NiR activity and a slower growth rate in nitrate-or nitrite-containing media compared with the wild-type levels. NR activity is, by contrast, increased by ;50% in the mutant and the cells excrete nitrite into the medium due to the imbalance between the rates of nitrate and nitrite reduction. Since few proteins from other cyanobacteria show strong similarity to the deduced NirB protein, nirB appeared to be unique to S. elongatus, until Frias and Flores (2010) demonstrated that all0605 of Anabaena sp. PCC7120, encoding a protein 25% identical to S. elongatus NirB, has the same role as the S. elongatus NirB has. Orthologues of Anabaena nirB are readily identifiable in 14 of the b-cyanobacterial strains listed in Table 1 , mostly in the region upstream of nirA. The predicted NirB protein of Anabaena sp. is a HEAT_repeat-containing protein showing similarities to phycobiliprotein lyase. NirB may play a role in the assembly of the NiR holoenzyme, which carries a siroheme and a [4Fe-4S] centre as cofactors.
NtcA and NtcB are transcriptional regulators involved in the regulation of nitrate assimilation in cyanobacteria.
NtcA, a CRP-type protein, is required for the activation of essentially all the genes related to nitrogen acquisition and assimilation, and hence is defined as the global nitrogen regulator of cyanobacteria (Vega-Palas et al., 1992; Herrero et al., 2001; ) . NtcB is a LysR-type transcriptional regulator (LTTR), which is specifically involved in activation of the nitrate assimilation genes (Aichi and Omata, 1997; Frias et al., 2000; Aichi et al., 2001; Sakamoto et al., 2008) . In accordance with its importance as the global nitrogen regulator, NtcA is found in all the cyanobacterial strains characterized to date, whereas NtcB is absent in the a-cyanobacterial strains (Table 1 ). The significance of the restricted taxonomic distribution of NtcB is not clear. Since NtcB plays an essential role in the competitive utilization of nitrate under nitrate-limited growth conditions (see below), and since nitrogen can be a limiting nutrient in the ocean, it seems strange that the a-cyanobacterial species lack NtcB (Table 1) . Since the population density of Synechococcus in the ocean is low, ranging from 10 2 to 10 5 ml À1 (Christaki et al., 2002) , compared with that in fresh-water environments where cells often form films and sheets, competition for nitrate might not be a critical factor for survival in the ocean.
Organization of the genes encoding NRT, NR, and NiR
As in eukaryotic microorganisms including the green alga Chlamydomonas reinhardtii (Fernandez and Galvan, 2008) , the red alga Cyanidioschyzon merolae (Imamura et al., 2010) , the yeast Hansenulla polymorpha (Siverio, 2002) , and most fungi (Slot and Hibbett, 2007) , the genes encoding NRT, NR, and NiR are clustered on the genome in many strains of cyanobacteria. Located close to these genes are the narM, cnaT, nirB, and ntcB genes, but the latter three genes have not been found to form an operon with the NRT-, NR-, and NiR encoding genes. The most common arrangement of the nitrate assimilation genes is the operon nirA-nrtABCD-narB (termed the nirA operon) and its variants found in many fresh-water cyanobacteria (Fig. 1A) . The operons from the thermophilic strains Thermosynechococcus elongatus BP1 and Synechococcus sp. strains JA-3-3Ab and JA-2-3B'a are the variants carrying additional genes. One of the extra genes in T. elongatus BP1 is located between nrtC and nrtD and codes for a putative transposase, whereas the other two strains have an additional ORF of unknown function between nrtD and narB, suggesting that the nirA operon variants arose from transposition and insertion events of genes into the prototypic nirA operon. In the three thermophillic strains, narM is located immediately downstream of narB and appears to be the last gene of the operon. Cyanothece sp. PCC7425 also has a gene cluster similar to the nirA operon, but narB may comprise a separate transcription unit, because one of the two small ORFs located between nrtD and narB is oriented divergently from the other genes and may interrupt the transcription unit. Another type of variation of the nirA operon, including nrtP in place of nrtABCD as the NRTencoding gene, is found in some b-cyanobacteria (Fig. 1D) .
A variant of this, carrying an additional gene inserted between nrtP and narB, is found in Acaryochloris marina. Gene clusters similar to the nirA-nrtP-narB operon are found in Cyanothece sp. strains ATCC51142 (Fig. 1I) , PCC8801, and PCC8802 (Fig. 1J ), but these are not operons; insertion of extra ORFs clearly separates narB from the transcription unit carrying nirA-nrtP in each of these strains.
Although many cyanobacterial genomes have the genes encoding NiR, NRT, and NR in a single operon, there are other arrangements. The most common among these is separation of the NiR gene from the other genes. The nirA gene is separated from nrtABCD-narB in Synechocystis sp. PCC6803 and Gloeobacter violaceus PCC7421 (Fig. 1B) . nirA is separated from nrtP-narB in the marine b-cyanobacterium Synechococcus sp. PCC7002 and the a-cyanobacteria of the Synechococcus group (Fig. 1E, F) . In most a-cyanobacterial strains, nirA forms a putative nirA-focA operon (Fig. 1F) , and this structure is also maintained in the Prochlorococcus strains having the capacity for nitrite assimilation (Fig. 1G) .
Recent progress in genome sequencing projects has revealed more complex arrangements of the nitrate assimilation genes in certain species of cyanobacteria. For example, nirA, nrtABCD, and narB are separated from one another and scattered on the genome of Microcystis aeruginosa (Fig. 1C) . Arthrospira platensis NIES-39 has the nrtABCD gene cluster in addition to the transcription units carrying nirA and nrtP-narB (Fig. 1H) . Similarly, Cyanothece sp. strains PCC8801 and PCC8802 have the nrtABCD gene cluster in addition to nirA-nrtP and narB (Fig. 1J) . The most surprising gene arrangement is found in Cyanothece sp. PCC7424, in which nrtABCD and nrtP are located next to each other and are oriented in a head-to-head configuration, implying co-ordinated expression of the two types of transporters (Fig. 1K) . With the nirA and narB genes, this strain has a total of four transcription units for the nitrate assimilation genes.
Although there is a large variation in the arrangement of the nitrate assimilation genes among cyanobacteria, the nirA gene is invariably the first gene of a transcription unit. Imbalance between the rates of nitrate and nitrite reduction has been reported in many instances to result in the excretion of nitrite into the medium (Suzuki et al., 1995a; Kloft and Forchhammer, 2005; Kobayashi et al., 2005; Frias and Flores, 2010) . To avoid such waste of energy and resource, cyanobacteria have NirB to attain high NiR activity (see above) and regulate the NRT and NR activities at the posttranslational level (see below). It also seems important not to place the nirA gene downstream from the NRT and NR genes in an operon, so that these genes would never have higher transcription/translation efficiency than nirA.
Dual activation mechanism for the nitrate assimilation genes
In cyanobacteria, expression of the nitrate assimilation genes is repressed by the addition of ammonium to the medium and induced simply by de-repression, i.e. removal of ammonium from the medium (Suzuki et al., 1993 (Suzuki et al., , 1995b . This response is mediated by NtcA and is not affected by the presence or absence of nitrate in the medium. Being essential for the activation of many genes related to acquisition and assimilation of nitrogen, NtcA is defined as the global nitrogen regulator in cyanobacteria (Vega-Palas et al., 1992; Herrero et al., 2001) . The promoters activated by NtcA have the consensus sequence GTA-N 8 -TAC-N 22/23 -TAN 3 T, in which GTA-N 8 -TAC represents the NtcA-binding motif and TAN 3 T is the -10 promoter element (Luque et al., 1994; Herrero et al., 2001) .
NtcA itself has the ability to bind to DNA in vitro, and the binding is enhanced by low concentrations of 2-OG (Tanigawa et al., 2002; Vazquez-Bermudez et al., 2002) . 2-OG also has an essential role in the promotion of transcription from NtcA-dependent promoters in vitro (Tanigawa et al., 2002; Valladares et al., 2008) . Due to the absence of 2-OG dehydrogenase in cyanobacteria, 2-OG serves only as the acceptor of the newly assimilated nitrogen to form glutamate, with its concentration changed according to the nitrogen status of the cell. A rapid decline and an increase in intracellular 2-OG concentration were observed in Synechocystis sp. PCC6803 cells in response to ammonium addition and deprivation, respectively . 2-OG thus acts as a coinducer of NtcAdependent genes, conferring ammonium sensitivity to their expression. The location of the NtcA-binding site in the promoter (-41.5 to -43.5 with respect to transcription start site) indicates that the promoter is one of the Class II bacterial promoters, in which the bound activator protein (NtcA) recruits the bacterial RNA polymerase (RNAP) complex via direct interaction with the r subunit of RNAP (Barnard et al., 2004) . For all of the transcription units shown in Fig. 1 , the conserved structure of NtcA-dependent promoters was readily identified, confirming the universal role of NtcA in the activation of nitrate assimilation in cyanobacteria (see below).
As in other organisms capable of nitrate assimilation, nitrate has a positive effect on the expression of the nitrate assimilation genes in cyanobacteria but, paradoxically, the effect is hardly discernible in cells grown with sufficient amounts of nitrate in the medium. This is due to the negative feedback caused by assimilation of the ammonium generated by the reduction of nitrate. Thus, the profound effect of nitrate on nirA operon expression was first observed in the S. elongatus PCC7942 and Plectonema boryanum cells treated with L-methionine-DL-sulphoximine (MSX), an inhibitor of glutamine synthetase (Kikuchi et al., 1996) . It was under these conditions that nitrite, either added exogenously or generated intracellularly from nitrate, and NtcB, a LysR family protein, were shown to be required for the nitrate-promoted regulation (Aichi and Omata, 1997; Aichi et al., 2001) . Analyses using promoterreporter fusions identified a palindromic sequence centred at position -73 as the cis-acting element required for the action of NtcB/nitrite in S. elongatus (Maeda et al., 1998) . Thus, the nirA operon promoter is regulated by dual activation mechanism involving the two transcription activators (NtcA and NtcB) and the cognate co-activators (2-OG and nitrite; Fig. 2 ). It should be noted, however, that NtcB cannot promote transcription by itself; the function of NtcA is indispensable for expression of the nirA operon (Maeda et al., 1998) .
In S. elongatus PCC7942, the nitrite-responsiveness of the nirA operon promoter is abolished by inactivation of ntcB without affecting the induction mechanism involving NtcA (Aichi and Omata, 1997; Maeda et al., 1998) . During steady-state growth in nitrate-sufficient media, the NR and NiR activity levels of the mutant were 35% and 25% lower than the wild-type levels, respectively, but the fact that the ntcB mutant can grow on nitrate, albeit at a somewhat slower rate than the wild-type cells (Suzuki et al., 1995a) , once raised an issue of whether or not the nitrite-responsive activation of nirA operon transcription is of physiological importance. Using chemostat cultures, it was demonstrated that the wild-type cells can up-regulate the nitrate assimilation activities when nitrate supply is limited, whereas the ntcB mutant is unable to do so (Aichi et al., 2004) . The NR and NiR activities in the ntcB mutant were several-fold lower than the corresponding wild-type levels. In mixed cultures subjected to growth in the continuous culture system with a constant nitrate concentration of ;0.5 lM, the wild-type cells maintained its population whereas the mutant population decreased exponentially at a rate expected for dilution of non-dividing cells (Aichi et al., 2004) . It is thus clear that the nitrite-promoted activation mechanism plays an essential role in competitive utilization of nitrate in nitrate-limited environments. By indirectly sensing submicromolar concentrations of extracellular nitrate, the nitrite-sensing mechanism also serves as a checkpoint in full activation of the nitrate assimilation genes, preventing useless activation of the gene expression in the absence of nitrate (or nitrite) in the environment.
Positive effects of NtcB on expression of the nitrate assimilation genes have also been observed in Anabaena sp. PCC7120 (Frias et al., 2000) , Synechocystis sp. PCC6803 (Aichi et al., 2001) , and Synechococcus sp. PCC7002 (Sakamoto et al., 2008) . In fact, the ntcB mutants of these strains show more severe phenotype than the mutant of S. elongatus PCC7942. The NR and NiR activities of the mutant of Synechocystis sp. PCC6803 were ;50% of the wild-type levels, and the growth rate of the mutant cells was approximately 3-fold lower than that of wild-type cells. Analysis of the effects of MSX and nitrite revealed that the mutant expresses only low levels of the nirA and nrtABCDnarB transcripts upon induction with MSX treatment and is also defective in the nitrite-responsive enhancement of transcription. Thus, NtcA by itself cannot fully activate the nitrate assimilation genes under the de-repressing conditions. The mutants of Anabaena sp. PCC7120 and Synechococcus sp. PCC7002 show even more severe phenotypes: transcript levels of the Anabaena sp. nirA operon and the Synechococcus sp. nrtP, narB, and nirA genes are drastically reduced. The NR and NiR activities are negligible in the Anabaena sp. mutant and the cells are virtually unable to assimilate nitrate (Frias et al., 2000) . The mutant of Synechococcus sp. PCC7002 grows poorly on nitrate, with the in vivo nitrate reduction rate being less than 10% of the wild-type level (Sakamoto et al., 2008) . Since the nitrate assimilation genes of these strains have canonical NtcAdependent promoters, the failure of NtcA properly to activate expression of the nitrate assimilation genes is unusual. It is reasonable that Frias et al. (2003) assumed the presence of an unidentified negative regulation mechanim(s) for the nitrate assimilation genes.
Conserved structure of the promoters of the nitrate assimilation genes
The molecular basis of the action of NtcB during nirA operon activation is unclear. LTTRs are known to bind to a palindromic sequence built around the LysR motif (T-N 11 -A) (Goethals et al., 1992) . The cis-acting element required for the activation by NtcB/nitrite of the nirA operon expression in S. elongatus PCC7942 has a sequence of TGCA-N 5 -TGCA, conforming to the general structure of LTTR-binding sites (Maeda et al., 1998) . A similar sequence (ATGC-N 7 -GCAT) is present in the promoters of nirA and nrtABCD-narB of Synechocystis sp. PCC6803 at the same location relative to the transcription start point (Aichi et al., 2001) . The conserved sequence motif was also found in the nirA operon promoter of Anabaena sp. PCC7120 and shown to bind NtcB in vitro, but it is located 22 bases upstream from those in S. elongatus PCC7942 and Synechocystis sp. PCC6803 (Frias et al., 2000) . In Synechococcus sp. PCC7002, on the other hand, the NtcB-binding motif was reportedly absent in the promoters of the nitrate assimilation genes (Sakamoto et al., 2008) . There has been thus no 'consensus' sequence established for the action of NtcB on the promoter. Comparison of the promoters of the transcription units shown in Fig. 1 , however, clearly shows a conserved pair of the NtcB-binding motifs (ATGC-N 7 -GCAT) in essentially all of the promoters from b-cyanobacteria (Fig. 3) . The exceptions are the nirA and nrtABCD-narB promoters of Gloeobacter violaceus PCC7421, in which the sequence signatures are hardly detectable, and the promoters of the narB genes in the gene arrangements I and J in Fig. 1 , clearly lack the signatures (Fig. 3A , the last two lines). In accordance with the absence of ntcB in their genomes (Table 1) , the NtcB-binding motifs were absent in the promoters from a-cyanobacteria (not shown).
In each of the promoters, the two NtcB-binding motifs are separated by seven bases and one of the two motifs is more strongly conserved than the other. This type of arrangement of the binding sites is commonly found for LTTRs, although the tandem DNA sites are usually located immediately upstream of the -35 promoter region (Shively et al., 1998) which, in cyanobacterial ammonium-repressible genes, is occupied by NtcA. LTTRs bind to a site containing a LysR motif (T-N 11 -A) as a dimer (Maddocks and Oyston, 2008) . The tandem located binding sites allows for binding of two LTTR dimers to form a tetrameric (dimerof-dimer) structure, which would cause DNA bending. It is common that the binding of the dimers to the DNA sites and/or to each other is affected by binding of the specific co-activator to the LTTRs, resulting in changes in the angle of DNA bending. Thus, the activation by NtcB of the nirA operon may include nitrite-induced changes in DNA bending. It is also possible that the NtcB dimer bound to the promoter proximal site interacts with the C-terminal domain (CTD) of the a subunit of RNAP (aCTD) to activate transcription via the Class I mechanism (Barnard et al., 2004) . Biochemical studies are required to test these hypotheses. With the two NtcB-binding sites, the consensus sequence for the promoters of the nitrate assimilation genes is formulated as follows: ATGC-N 7 -GCAT-N 7 -ATGC-N 7 -GCAT-N 15 -GTA-N 8 -TAC-N 22/23 -TAN 3 T. In Arthrospira platensis, this sequence is also found in the promoter of the cobA gene, which is presumably involved in the biosynthesis of siroheme (Fig. 3A) .
Other factors involved in the regulation of the nitrate assimilation genes
Although the P II protein (the product of the glnB gene in cyanobacteria) is regarded as having a central role in the posttranslational regulation of nitrogen assimilation and allocation (Forchhammer, 2004) , recent studies on PipX, a small P IIbinding protein, have revealed its essential role in the regulation of the activity of NtcA (Espinosa et al., 2006 (Espinosa et al., , 2007 (Espinosa et al., , 2009 . PipX was first identified as a P II -binding protein and then shown to bind NtcA as well (Espinosa et al., 2006) . The binding of PipX to P II and NtcA is influenced by 2-OG in opposite directions: When 2-OG concentration is low, PipX (Suzuki et al., 1993; Luque et al., 1994; Sakamoto et al., 1999; Aichi et al., 2001) . The numbers on the right indicate the positions of the rightward-most bases with respect to the translation start site of the gene or the first gene of the operon. Note that nrtP of A. plantensis NIES-39 and narB of Cyanothece sp. ATCC51142 are not the first gene of the respective operon. Cyanobacterial strains are indicated by their strain numbers in culture collections (see Table 1 ). The nirA operon promoter of Plectonema boryanum (P. bo) is also included. (B) Sequence logos (Crooks et al., 2004) derived from all but the last four sequences in (A).
preferentially binds to P II . At higher concentrations, 2-OG interferes with the binding of PipX to P II and promotes its binding to NtcA. The swapping of the binding partner of PipX is observed in the physiologically relevant concentration range of 2-OG in vitro, and in vivo evidence for the involvement of PipX in the enhancement of NtcA activity have been presented (Espinosa et al., 2006 (Espinosa et al., , 2007 . X-ray crystallographic structures of a PipX-NtcA complex suggest that PipX enhances the activity of NtcA in the promotion of transcription by stabilizing the active conformation of NtcA rather than increasing the interaction with DNA (Llacer et al., 2010) . From the interaction of PipX with P II and NtcA, it is deduced that P II is negatively regulating the activity of NtcA via PipX. The critical importance of this role of P II was demonstrated by Espinosa et al. (2009) . They clearly showed that inactivation of glnB, the gene for P II , is lethal in S. elongatus PCC7942 unless pipX is mutated. All the previously constructed P II mutants they examined were shown to have various mutations in pipX. Construction of new P II mutants could be achieved in the absence of wild-type pipX but not in its presence. These results indicate that unregulated expression of the NtcA regulon is lethal. Examination of the pipX locus in the PD1 mutant of S. elongatus, a P II -null mutant previously constructed in our group and used as the host for the expression of plasmid-borne glnB (Kobayashi et al., 2005) , also revealed a frame shift mutation (see Supplementary Fig. 1S at JXB online). The presence of glnB and pipX in all the cyanobacterial strains examined to date (Table 1) indicates that enhancement of NtcA regulon expression is essential, but needs to be tightly regulated by P II according to the changes in cellular nitrogen status. The critical importance of the regulation by P II of the NtcA activty would account for the difficulties experienced by researchers in the construction and maintenance of P II -deficient mutants from cyanobacteria (summarized in Espinosa et al., 2009) . A P II -null mutant (SPD1) constructed from Synechocystis sp. PCC6803 by Kobayashi et al. (2005) showed, in addition to the loss of post-translational regulation of NRT activity, several-fold higher glutamine synthetase activity than the wild-type cells and unusually high expression levels of the genes involved in ammonium assimilation and its regulation, i.e. glnA, glnN, amt1, and gifB, while the levels of nitrate assimilation activities and expression of the related genes were similar to the wild-type levels . Although the effect on gene expression was limited to a part of the NtcA regulon, the phenotype of SPD1 may have been related to the role of P II in negative regulation of the activity of NtcA.
As mentioned above, the stringent requirement of cnaT and ntcB for nirA operon expression in Anabaena sp. PCC7120 led Frias et al. (2003) to infer existence of an unidentified mechanism for negative regulation of the nirA operon. In their recent study on the effect of nirA and nirB mutation on nirA operon expression, Frias and Flores (2010) detected unusually high levels of nirA operon expression in nirA and nirB mutants in the absence of nitrate in the medium. They now put forward an hypothesis that the NiR protein itself could act as a negative regulator of nirA operon expression, counteracting the positive effect of NtcB in the absence of nitrate or nitrite. This is an interesting hypothesis to be examined. It is also to be determined whether or not this is the same mechanism as the one involving CnaT.
Regarding negative regulation of nitrate assimilation, Suzuki et al. (1996) once reported inhibitory effects of cyanate (NCO -) on expression of the NtcA-dependent genes in S. elongatus PCC7942. An NRT-less mutant (Omata et al., 1989) was forced to grow on nitrate to keep the maximal level of nirA expression, and used for examination of the effects of cyanate. It should be noted, however, S. elongatus has a high activity of cyanase (cyanate lyase), which catalyses bicarbonate-dependent decomposition of cyanate into CO 2 and ammonium. Cells grown under nitrogen-replete conditions decompose cyanate at a rate of ;80 lmol mg À1 Chl h À1 , which is much higher than the capacity of ammonium assimilation (;40 lmol mg
À1
Chl h À1 ), and hence the cells rapidly excrete ammonium into the medium (Miller and Espie, 1994) . Since the cynS gene for cyanase is transcribed as a part of an NtcAactivated operon cynABDS (Harano et al., 1997) , the rate of ammonium production should have been even higher in the NRT-less strain. Although Suzuki et al. (1996) added MSX to avoid the negative effect of ammonium resulting from its assimilation, the concentration (0.1 mM) may not have been high enough to inhibit glutamine synthetase completely. Therefore, the effect of cyanate has been re-examined using a DcynABDS derivative of the DnrtABCD strain of S. elongatus and no significant effect of cyanate on the expression of the nirA operon was found (data not shown). It is therefore unlikely that cyanate has a specific regulatory role in the regulation of nirA operon expression.
Post-translational regulation of NRT and NR
In cyanobacteria, nitrate assimilation is also regulated at the post-translational level: nitrate uptake is inhibited upon the addition of ammonium to the medium and is resumed upon consumption of ammonium in the medium (Flores et al., 1980; Kobayashi et al., 1997 Kobayashi et al., , 2005 . Results from the studies in S. elongatus and Synechocystis sp. PCC6803 show that ABC-NRT is regulated in both strains but NR is regulated only in the former strain (Kobayashi et al., 1997 (Kobayashi et al., , 2005 . One of the ATP-binding subunits of ABC-NRT, NrtC, has a large C-terminal extension required for the ammonium-promoted inhibition of the transport activity (Kobayashi et al., 1997) . The C-terminal extension comprises a distinct domain similar in amino acid sequence to the substrate (nitrate and nitrite)-binding protein (NrtA) of ABC-NRT (Omata, 1995; Maeda and Omata, 1997) , suggesting that the regulation of ABC-NRT may involve binding of an effector molecule to the regulatory domain. The C-terminal domain is conserved in the NrtC subunit of all known cyanobacterial ABC-NRTs, suggesting that ABC-NRT is generally subject to ammonium-promoted inhibition in cyanobacteria. The NrtP nitrate/nitrite permease of N. punctiforme ATCC29133 is, on the other hand, insensitive to ammonium treatment (Aichi et al., 2006) . NR of this strain is inhibited by ammonium treatment, rendering nitrate uptake by N. punctiforme cells sensitive to ammonium (Aichi et al., 2006) . Cyanobacteria thus regulate NRT and/or NR upon ammonium treatment. The molecular basis of the different sensitivity of NR enzymes from different strains is being examined (see below).
In nitrate-containing media, Synechocystis mutants impaired in NRT regulation excrete significant amounts of nitrite into the medium (Kloft and Forchhammer, 2005; Kobayashi et al., 2005) , indicating an imbalance between the rates of nitrate-and nitrite reduction. Thus, post-translational regulation of NRT activity is operating in the wild-type cells even in the absence of exogenously added ammonium, presumably responding to the ammonium generated intracellularly by nitrate reduction, to prevent production of excess nitrite. This type of regulation would help the cells to save energy under light-limited conditions, but it would also be true that if such regulation is abandoned, the cells could discard excess energy under high-light conditions by excreting nitrite into the medium. It is noteworthy that imbalance of nitrate and nitrite reduction is observed in the marine diatom Thalassiosira pseudonana, which is thought to contribute to nitrite production in the ocean (Olson, 1980) . It is not clear whether NrtP and NR of oceanic cyanobacteria are regulated or not. Because of their abundance in the ocean, it is important to study the post-translational regulation of nitrate assimilation in oceanic cyanobacterial strains.
Roles of P II in the regulation of NRT and NR activities
Since the sensitivity of nitrate assimilation to ammonium is abolished by inactivation of the glnB gene in S. elongatus PCC7942, it is clear that P II is essential for the regulation of both NRT and NR (Lee et al., 1998) . Since cyanobacterial P II is phosphorylated at the conserved Ser 49 residue under the conditions of nitrogen limitation, it was previously supposed that phosphorylation of P II has a role in the ammoniumresponsive regulation of NRT and NR activities (Lee et al., 2000; Lee et al., 1998) . However, the P II derivatives that have Ala or Glu in place of Ser 49 inhibit NRT activity in vivo in an ammonium-responsive manner like the wild-type P II protein in both S. elongatus PCC7942 and Synechocystis sp. PCC6803 (Kobayashi et al., 2005) . The amino acid substitutions in P II did not affect the ammonium-responsive regulation of NR in S. elongatus . Thus the changes in the electric charge or size of the side chain at amino acid position 49 has nothing to do with the regulation of nitrate assimilation, indicating that P II phosphorylation is unlikely to play a role in the regulation of NRT and NR (Kobayashi et al., 2005; . It should be noted that phosphorylation of Ser 49 does play a critical role in the regulation of P II binding to N-acetylglutamate kinase (Burillo et al., 2004; Heinrich et al., 2004) , but the interaction of P II with other target proteins, including PipX (Espinosa et al., 2006) , PamA (Osanai et al., 2005) , and P II phosphatase (Irmler et al., 1997; Schlicker et al., 2008) , is regulated mainly by the binding of 2-OG to P II . It is therefore reasonable to presume that this is also the case in the regulation of NRT and NR activities. It is currently unknown whether P II directly interacts with NRT and NR; no interaction between P II and these proteins has been reported. Yeast two-hybrid analysis has not shown any positive results indicative of the interaction between P II and the regulatory domain of ABC-NRT, either (S Maeda, T Omata, unpublished results).
Analyses of the molecular mechanism of NR regulation
As mentioned above, the NRs from S. elongatus PCC7942 and N. punctiforme ATCC29133 are subject to ammoniumpromoted inhibition, but the enzyme from Synechocystis sp. PCC6803 is not. In S. elongatus PCC7942, yeast two-hybrid analyses have revealed that the Pfam 'molybdopterin' domain of NR binds to the DNA-binding domain of NblR, a response regulator that responds to high light and to nitrogen/ sulphur deficiency (Kato et al., 2008; Ruiz et al., 2008) . These results and its presence and absence in N. punctiforme and Synechocystis sp. PCC6803, respectively, strongly suggested the involvement of NblR in the regulation of NR. Therefore, the effects of nblR inactivation on NR regulation were examined. To determine specifically the effect of ammonium on the step of nitrate reduction, the NC2 mutant of S. elongatus (nrtCDC), which has ammonium-resistant NRT activity due to the lack of the regulatory domain of NrtC (Kobayashi et al., 1997) , was used as the parental strain for construction of the mutant. Gene inactivation was performed as described by Kato et al. (2008) and a fully segregated mutant (NC2DnblR) was obtained. The mutant assimilated nitrate at a rate similar to that observed in the parental strain, and showed ammonium-responsive, complete inhibition of nitrate uptake (see Supplementary Fig. 2S at JXB online). The results clearly excluded the possible involvement of NblR in the regulation of NR activity.
To analyse the mechanism of NR regulation further, chimeras between the NR proteins of S. elongatus PCC7942 and Synechocystis sp. PCC6803 were expressed in S. elongatus and their response to ammonium treatment was examined. Using NC2 as the parental strain, the entire narB coding region plus 172 and 30 bases of its 5'-and 3'-flanking regions was replaced with the chloramphenicol resistance gene cassette to yield the strain NC6, which was used as the host for the expression of chimeric NR proteins. The chimeric narB genes were constructed by overlap extension PCR (Horton et al., 1989) , using the pNARB and pSNARB plasmids carrying the narB genes from S. elongatus PCC7942 and Synechocystis sp. PCC6803, respectively, as templates (Kobayashi et al., 2005) . The PCR products were cloned into the shuttle expression vector pSE1 (Maeda and Omata, 1997) and, after verification of the nucleotide sequence, introduced into NC6. The resulting transformants grew on nitrate-containing medium, verifying functional expression of the chimeric NRs (Fig. 4A ). In accordance with the previous reports, the NR from Synechocystis sp. PCC6803 supported nitrate uptake in the presence of ammonium in the medium, whereas that from S. elongatus did not (Fig. 4B) . Replacement of the C-terminal 106 amino acids of Synechococcus NR with the corresponding portion of Synechocystis NR did not affect the ammoniumsensitivity of the enzyme (Fig. 4B, C04 ), but that of the Nterminal 67 amino acids rendered the enzyme ammonium insensitive (Fig. 4B, C05 ). The N-terminal portion of Synechococcus NR, on the other hand, did not confer ammonium sensitivity to the chimeric NR when fused to the rest of the NR sequence from Synechocystis (Fig. 4B, C01 ). These results indicate that the N-terminal portion of Synechococcus NR, corresponding to the [4Fe-4S] binding domain, is required, but is not sufficient, for the ammonium-promoted inhibition of the NR activity. During nitrate reduction, electrons are transferred from reduced ferredoxin to the Mo-bisMGD cofactor via the [4Fe-4S] centre. The present results suggest that the interaction of ferredoxin and NR is affected during the ammonium-promoted inhibition of nitrate reduction. Further studies are in progress to gain more insight into the mechanism of NR regulation.
Supplementary data
Supplementary data can be found at JXB online. Supplementary Fig. S1 . Spontaneous mutation found at the pipX locus in the P II -null mutant (PD1) of S. elongatus PCC7942. Supplementary Fig. S2 . Effects of ammonium on nitrate uptake by the NC2 strain and its derivative carrying disrupted nblR. 
